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ABSTRACT 

Work i s  being donc: ut Los Alamos National Laboratory to develop liquid lead-bismuth 
(Pb-Bi) eutectic (LBE) for use as a coolant fluid, and perhaps also as a spallation target, in new 
nuclear energy systems. However, LEE presents a long-term corrosion problem with some 
materials, notably stainlesri steels, which are often used for nuclear piping systems. It is possible 
to prevent most corrosion lby monitoring Ihe dissolved oxygen level in the LBE and controlling it 
to be within high and low limits. Monitoring can be accomplished using yttrium-stabilized 
zirconium-oxide oxygen sensors, which produce voltages corresponding to oxygen differentials 
between a reference and the oxygen in the Z,BE Although theory can predict the order of 
magnitude of these voltages, calibration is necessary to determine actual performance. 

INTRODIJCTIQN 

Work i s  being done at Los hlamos Natiortal Laboratory to develop liquid lead-bismuth 
(Pb-Bi) eutectic (1,BE) for lase as a coolant fluid, and perhaps also as a spallation target, in new 
nuclear energy systems. However, 1,BE presents a long-term corrosion problem with some 
materials, notably stdnless steels, whkh me often used for nuclear piping systems. There are 
two main €oms of corrosion: (1) oxidation of the iron in the steel (better known as rust), and (2) 
“leaching out” the nickel from the stainless steel alloy. In this second form of corrosion, the 
LBE actually dissolves the nickel from the steel, which causes the material to become embrittled 
and prone to failure. These corrosion phenomena need to be controlled if LBE is ever going to 
be used for long-term systems. 

Fortunately, these two forms of corrosion are both related to the amount of oxygen that is 
dissolved in the liquid LBE. Iron oxidation becomes a problem when there is too much oxygen 
in the LBE, whereas nickel leaching occurs when there is too little oxygen. As Li has pointed 
out [ 11, the theory i s  that jiust enough oxygen in the LBE will cause a very thin oxide layer to 
form on the surfjce of the material (for example, on the inside of a pipe), which will shield the 
material from nickel leaching; but too much oxygen will cause too much rust. Therefore, it is 
possible to prevent both forms of corrosion by monitoring the dissolved oxygen level in the LBE 
and controlling it to be within these high and low limits. 

The instrument used to monitor the dissolved oxygen level is a solid-electrolyte sensor, 
The sensor eleinclrt is a ceramic cone, made of yttrium-oxide-stabilized zirconium oxide (YSZ). 
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Although tit low temperatures, YSZ acts as an electrically insulating material, it does become 
conductive to oxygen ions (02-) when it rctaches high temperatures, around 350OC. When the 
concentration of oxygen 0x1 one side of the YSZ ceramic electrolyte is different from the 
concentration on the other side, oxygen ions migrate through the electrolyte from the side of high 
concentration to the side of low concentration. As they migrate, they bring negative charge to 
the side of law concentration, thus causing a voltage to develop across the electrolyte. This 
voltage can be measured with a high-irnpedmce electrometer, Since the voltage i s  dependent an 
the difference in oxygen concentrations on the two sides of the electrolyte, It can be directly 
correlated thraugh experiment. Therefore, by knowing beforehand the concentration on one side 
(called the reference electrode) and by using the voltage to determine the difference in oxygen 
cancentmtions, one can calculate the unknown oxygen concentration on the other side. A 
schematic picture of this technique is shown in Figure 1 .  
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The theory that governs this voltage phenomenon is the Nernst equation, which yields the 
theoretical voltage potentid across an electrolyte for n given set of ambient conditions and a 
difference of oxygen concentration between the two sides of the electrolyte. One form of the 
Nernst equation js as folwws [a 1: 

where K,., :f; the expected voltage, in volts 

c31 
Pascals - rn3 

Kelvins - moles 
R x the universal gas constant, which is 8.3 145 10 -1% 

1’= the lemperaturt: of the system, hi Kelvins 
F -- the Faraday constant, which is 9648S234 15 Coulombslmale [3] 
PO, == the partial pressure: of oxygen dissolved in the liquid LBE, in Pascals 
1’0, (Reo ;= the partial pressure of‘ oxygen in the reference material, in Pascab 
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When dealing with dilute liquid solutions rather than gases, the partial pressures can be replaced 
by concentrations, expressed as molalities in wits of males of solute per kilogram of solvent 143. 



Also note that the magnitude of the voltage is what is important; the sign of the actuaI voltage 
observed will depend on the manner in which the electrometer i s  connected to the sensor. 

h reason&le value for the temperature is 673 K (400°C). For a reference concentration, 
many options are available; air or an equilibrium mixture of  bismuth and bismuth oxide 
(Bi/Bi$&) are ofparticulaz. interest for this project. The partial pressure of oxygen in the 
atmosphere varies, but a typical value is about 0.21 atmospheres, or 23 kPw f3]. The 
concentratiordpartial presswe of oxygen in Bi/Bi203 can be calculated from the following 
fornula [ 3 1, based upon the free energy of formation of BizOJ: 

20275 
9.82------- 

T 

where Pel, == the partial pressure of 0 2  dissolved in the liquid Biholid Bi2Q3, in atmospheres 

Thus, at 4OOoC, the partial pressure of oxygen in Bi/Bi203 is 1.52 x 10.’ atmospheres, or 
1.54 x IO-‘ IJascals. 

T == temperature, in Kelvins 

Unfortunately, actual results usually do nut follow the theoretical predictions of the 
Nernst equation. Mimy other phenomena, such as slight electrical conductivity of the YSZ and 
thermocouiples b&veen metals, can influence the voltage produced. Therefore, the sensors must 
be calibrated against known concentrations of oxygen in LBE and/or gas. This calibration is the 
goal of current efforts. 

METHODS 

Two types ofcalibiration are cwrently being undertaken: calibration in gases, and 
calibration in liquid LBE. The reason both types are being performed is that the test piping 
system (or, “loop”) that is  being constructed ai Los Alamos National Laboratory will use sensors 
in both situations: (I) to measure directly the oxygen content in the liquid LBE, and (2) to 
measure the oxygen content of  the cover gases that exist above the LBE surface in certain tanks 
in the loop. Thereforq two diflerent types of sensors and calibration apparatus are being used. 

The test setup for gas calibration consists of a pipe tee, with a sensor mounted in the bull 
of the tee, a connection for gas on one end of the wn ofthe tee, and a flange with a hole for a 
thermocouple on the other end of the run of the tce. The sensor is a Bosch@ Oxygen Sensor, 
model 13913, which uses air tis a reference and is used in automobiles to measure the oxygen 
content ofthe engine exhaust. A Keithley high-impedance electrometer (model 614) measures 
the voltage produced by the sensor. A DC source provides 12VDC to the internal heater in the 
sensor. A tape heater wrapped arould the pipe provides external heating and is electronically 
controlled to niaintain the gas temperature inside the tee at a pre-determined set point. Another 
thermocouple measures the temperature of the flange where the sensor is located. Bottled gases 
can be pumped into the ter:, using the gas connection. Also, the gas connection can be removed 
to dlow plain air into the pipe. The use of these gases provides three calibration points-zero 
oxygen (N2), 6% oxygen (6%-02hal-He), and 21% oxygen (air)--- referenced to air. 

The test setup for calibration in liquid LBE consists of a length of pipe with elbows on 
either end. Molten LBE that h s  been skimmed of contaminants is poured into the pipe. An 



oxygen sensor has been wcd&d into the middle of the pipe. This sensar was designed at the 
laboratory and uses a YSZ element similar to the one in the Bosch sensor. Flange connections 
attached to the two elbows enable the pipe to be sealed off or provide gas connections. A tape 
heater, wrapped around the pipe and electronically controlled via a thermocouple in the pipe, 
maintains the temperature of the LBE at a pre-determined level, 

The calibration of the liquid sensor can be done at a minimum of two points for each type 
of re€erence (air or Bi/BizQ) usad: (1 1 oxygen-saturated LBE, and (2) oxygen-fiee B E .  
Oxygen-saturated LBE can be obtained either by leaving the sealing flanges off the elbows and 
exposing the LBE inside the pipe to air or by blowing 6%-0&al-He through it. Either method 
will cause more arid more oxygen to dissolve into the LBE until lead oxide (PbO) begins to form, 
at which point the LRE is saturated with oxygen, The oxygen conteht of saturated PbO i s  given 
by the following formula, similar to the formula used for Bi/BiZOs fl]: 

23060 
I0.S5--- 

T 

Oxygen-free LBE can be obtained by blowing a mixture of 6%-hydrogen/balance-helium 
through the LBE. The hydrogen reacts with the oxygen in the Ll3E to form steam. From 
experiment, about 18 horns are needed to deoxygenate oxygen-saturated LBE. 

(3) 

RESULTS AND IIISGUSSXON 

Calibration of the 13osch'@ oxygen sensor is gas is still underway. Several difficulties 
ham been encountered, which have helped to define the operating parameters of the sensor. The 
first tests were conducted using only the sensor's internal heater and nut the tape heater also. 
Low, unstable, and unwepeatable voltages were observed. It is known that the sensor electrolyte 
was hot enough to conduct oxygen ions, because { 1) a heater element from a sensor was 
measured to rewh over 5010°C and (2) the: voltage readings were not sensitive to external 
influences {such as touching the electrometer leads), indicating that ionic conduction was 
occurring to override such irrkluences. It is believed that the cause of these poor results was due 
to the room-texnpcrature giW conducting heat away from the sensor faster than the sensor's heater 
could heat its surroundings. These observations in&cal,e that it probably not possible to measure 
the oxygen conterit of a gas at room temperiture; instead, both the gas and the sensor itself must 
be hot. The fact that the second set of tests with the tape heater'operating produced somewhat 
better results lends evidence to this hypothesis. 

In the second set of gas calibration tests, the tape heater was on. Results of one such test 
are presented in Figure 2. In this test, almost pure nitrogen gas (i,e., almast nobxygen) was put 
into the test pipe, The sensor's internal heater was not turned on until the internal gas 
temperature had reached about 300QC. Figure 2 shows that at that point, the sensor became 
active and began to read reasonable values (around 0.8 volts). 'IJbwever, the voltagc dropped 
over time, plummeting to a b u t  0.15 volts within 45 minutes, This phenomenon occurred 
repeatably and with two different Bosch@ oxygen sensors. The cause €or this phenomenon is not 
yet clear. One hypohsis is that the oxygen on the reference side of the etectrolyte is being 
depleted by oxidation of the plastic or metal parts of the sensor. More experimentation is 
necessary to determine the cause of the instability and develop a solution. 

, 



Tests on gases other than nitrogen were also performed. However, unreliable readings 
were obtained. The voltage obtained with air in the pipe and with both heaters on was 
approximately 4 .03  (sign is relative to the nitrogen reading). 
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Figure 2: .Pcrfomance of’ Oxygen Sensor in “Pure” Nitrogen Gas 

The majority ofthe test apparatus for calibrating the sensor in liquid LBE has been 
constructed. However, the: apparatus had yet to be completely tissembled, and, therefore, tests 
have not yet been conducted. 

Oxygen sensing with YSZ sensors is theor~tically possible and has been experimentally 
verified, However, calibmtion must still bc performed to relate observed voltage to actual 
oxygen concentration. This calibration is still underway at the labor@ory. 
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